Abstract
Introduction
The potential loss of productive growing space for 80 regenerating seedlings occurs because of the edge 81 effects in force near the perimeters of openings. In 82 the context of group selection silviculture, the edge 83 refers to the boundary between the opening created by 84 harvesting a group of trees and the matrix of intact 85 forest. Edge effects are defined as the ecological 86 phenomena associated with the environmental gradi-87 ents that develop across the boundary and extend into 88 the adjacent communities (sensu Chen et al., 1992) . 89 Often edge effects have been investigated with an 90 emphasis on the influence of openings (e.g. clearcuts, 91 agricultural fields) on the surrounding matrix forest. 92 Openings have been shown to influence interior for- 93 ests' wildlife composition (Berry, 2001; Hargis et al., 94 1999; King et al., 1996) , vegetation structure (Chen 95 et al., 1992; Hughes and Bechtel, 1997) , microclimate 96 (Chen et al., 1995; Raynor, 1971) , and nutrient 97 exchange (Weathers et al., 1997) . Exceptions where 98 edge effects on both openings and intact forests were 99 studied include Cadenasso et al. (1997) and Bazzaz, 1994; Brown, 1996; Gray and Spies, 108 1996) . While results from these gap studies have in edge environments (Gustafson and Crow, 1996) . 118 For the smaller openings, edge environments are 119 particularly important because of the high edge-to-120 interior ratio (Forman and Gordon, 1986 Olson and Helms (1996) 166 provide a detailed description of Blodgett Forest, its 167 management, and trends in forest growth and yield.
168
Vegetation at BFRS is dominated by the mixed 169 conifer forest type, composed of variable proportions 170 of five coniferous and one hardwood tree species 171 (Laacke and Fiske, 1983; Tappeiner, 1980) . Research 172 sites were all located on the same, north-facing slope 173 (10-25%). Like much of the mixed conifer forests in 174 the Sierra Nevada range, the study area was clearcut in 175 the early 1900s and allowed to regenerate naturally. 176 The forest has developed to form a mixed species 177 canopy, averaging 30 m in height (BFRS data white fir, and ponderosa pine were planted from bare-225 root stock. Sugar pine and giant sequoia were from 226 container stock. Planting spots were double-planted at 227 every 3 m along the rows, ending at the drip-line of the 228 surrounding forest edge. Rows were spaced 3 m apart, 229 and equal 3 m Â 3 m spacing around each planting 230 spot was ensured by filling in gaps between rows with 231 planted trees not included in the study. Competing 232 non-tree vegetation was controlled with both hand-233 tools and herbicides. At the end of the third growing 234 season (1999), the less-vigorous individual of the 235 double-planted pair was removed and the heights of 236 the remaining trees were measured (n ¼ 4323). These 237 third-year height data were used to detect any patterns 238 in growth among species or across opening sizes and 239 to delineate the extent of edge zone influence. (Baker, 1950; Minore, 1979; Weatherspoon, 256 1990 ). These rankings have generally held true in 257 studies of survival and growth response to shade stress 258 (Emmingham and Waring, 1973; Minore, 1979; Oliver 259 and Dolph, 1992; Stark, 1968) . In each opening, nine 
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297 (Battles, 1999; Canham et al., 1990 We used a pressure chamber (Pressure Measure-316 ment Systems) to estimate relative degrees of moisture 317 stress due to above and below ground factors. Pre-318 dawn measurements were taken during July 1999 319 when the soils at Blodgett Forest were no longer 320 saturated from spring snow melt but had not yet 321 reached late-summer drought status (J. Battles, unpub-322 lished data). This seasonal trend in soil moisture status 323 is typical of the Sierra Nevada (Ziemer, 1964; Arkley, 324 1981; Anderson et al., 1995; Royce and Barbour, 325 2001) . By sampling in July, we maximized our ability 326 to detect any within-opening gradients in water poten-327 tial.
328
For each opening we measured all of the study trees 329 in one morning (pre-dawn). We sampled twigs from 330 giant sequoia and Douglas-fir, and fascicle from pon-331 derosa pine. For specific methods of collecting and 332 measuring samples, we followed recommendations of 333 Ritchie and Hinckley (1975) . Samples were collected 334 from the current year's growth near the middle of the 335 plant's crown. We used a hand-shear to cut the twig 336 samples and pulled fascicle samples off by hand. All 337 samples were immediately measured for xylem water 338 potential (MPa) after collection. We randomly remea-339 sured 30% of the sample trees to calculate precision 340 error, which was AE15% of the mean. Such a high 341 precision error is partially attributable to the fact that 342 the remeasurements were not actually precision 343 checks since during the first measurement, the sample 
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386 ing size (Fig. 3, F 3 ;4326 ¼ 77:9, P < 0:001) and by row 387 orientation (Fig. 4 ., F 7;4326 ¼ 14:1, P < 0:0001). The 388 sequence from tallest to shortest based on species 389 was: giant sequoia > incense cedar > Douglas-fir > 390 ponderosa pine > white fir > sugar pine (Fig. 2 ). This 
396 ten-fold increase in the area of the opening corre-397 sponded to a 34% increase in mean height (Fig. 3) . 398 Trees were tallest on average in the north rows 399 (mean ¼ 83:8 cm, S:E: ¼ 1:4 cm) and shortest in 400 the south rows (mean ¼ 74:2 cm, S:E: ¼ 1:9 cm). 401 There was no difference in height between trees in 402 the east and west rows (Fig. 4) .
403
Trends in height along the north-south transects 404 followed a unimodal pattern for all three study species, 405 with quadratic functions providing reasonable fits to 406 the data (Fig. 5) . Maximum height for all three species 407 was north of center and minimum height was at the 408 south edges of openings. Giant sequoia trees had an 409 especially large difference in height between center 410 and edge locations. In particular, there was a sharp 411 reduction in height of giant sequoia trees near the 412 south edges of openings. Ponderosa pine and Douglas-413 fir heights changed along the transects like giant 414 sequoia, but did not show the same degree of sensi-415 tivity to edge proximity. Heights grouped into center, 416 south edge, and north edge zones had similar within 417 group patterns (Fig. 6) , where mean height for each 418 species was tallest in the center, and shortest in the 419 south edge zone. Based on the results of Tukey's post 420 hoc comparisons, the probability of observing these 421 patterns due to chance was less than 0.05 in all cases 422 except for the difference between Douglas-fir trees in 423 center and north edge zones. fir (at P < 0:1) and giant sequoia (at P < 0:05) 
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481 models, but was not a significant contributor for the 482 ponderosa pine model (Table 1) .
There are no other studies of planted seedling per-485 formance under a Sierran mixed conifer group selection 486 management regime. This study is also unique in that 487 the experimental design purposely followed the silvi-488 cultural practices (site preparation, planting, vegetation 489 control) that a typical landowner uses. It is within this 490 management context that we evaluate the effects of 491 group selection silviculture on seedling growth and 492 quantify the influence of the edge environment.
493
The observed increase in mean seedling height with 494 opening size (Fig. 2) is consistent with studies in other 495 forest types involving artificial gaps (Coates, 2000; 496 Gray and Spies, 1996; Minkler and Woerhide, 1965; 497 Van Der Meer et al., 1999) , as well as with many other 498 studies using natural gaps (e.g. Brokaw, 1985) . The 499 artificial gaps that we created are larger than those 500 created in the studies mentioned above, but they 501 represent the range of sizes that can legally be used 502 under the group selection regime for Sierran mixed 503 conifer forests. Unlike Coates (2000) , who also used 504 both artificial openings and planted seedlings to study 505 the effect of gap size on fifth-year height in a northern 506 temperate forest, we did not find a leveling-off point in 507 growth that was associated with a maximum opening 508 size. Instead, mean height for all species combined 509 increased by 34% between 0.1 and 1.0 ha opening 510 sizes. One similarity with Coates (2000) was the 511 marked difference between species in growth response 512 to opening size. Between 0.1 and 1.0 ha sizes, mean 513 height for giant sequoia increased by 54%, compared 514 to a 28% increase for ponderosa pine, and a 15% 515 increase for Douglas-fir. The fact that non-tree vege-516 tation was suppressed in this study may explain some 517 differences between results of this and other studies. The change in resource availability typically found in 559 gaps (Canham et al., 1990; Denslow et al., 1990 ) is 560 thought to have profound ecological consequences 
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561 (Ricklefs, 1977 Co-limitation along the edges of the openings by 585 light and water resources appears to be occurring in 586 giant sequoia. While other variables contributing to 587 microclimate and genetic differences are likely pre-588 sent, light and water together are sufficient explana-589 tions for variation in height growth (Table 1) . Giant 590 sequoia seedlings near the south edges had signifi-591 cantly more negative water potentials than the north 592 edge seedlings (Fig. 8) . Two potential reasons for the 593 higher moisture stress are large aboveground vapor 594 pressure deficits and strong competition for soil moist-595 ure from large root densities. Daily vapor pressure 596 deficits are likely to be higher near the north edges of 597 openings because of higher radiation input (Fig. 7) . If 598 there is a difference in matrix tree root densities, it is 599 also most likely to be higher near the north edge, 600 where matrix trees have crowns exposed to sunlight. It 601 is therefore unlikely that high vapor pressure deficits 602 or root competition is causing the more negative water 603 potentials along the south edges. Instead, the low light 604 environment may be limiting root growth and access 605 to soil moisture that is available at lower depths. The 606 dependency of giant sequoia seedlings on adequate 607 soil moisture has been well documented (Harvey and 608 Shellhammer, 1991; Harvey et al., 1980; Schubert, 609 1962; Stephenson, 1994) . Stark (1968) In other studies, Douglas-fir seedling growth has 620 responded to increasing levels of light (Minore, 1988; 621 Oliver and Dolph, 1992). Moreover, its ability to 622 survive drought in mixed conifer forests (Waring 623 and Major, 1964; White, 1987) (Minore, 1979) . In this study, light availability and 626 water potential (at a < 0:1) were both important in 627 limiting Douglas-fir height extension, but compared to 628 the other species, variation was not well accounted for 629 by these two resources alone ( (Table 2) . Percent edge for ponderosa pine changed 700 the most dramatically from small to large openings. a An area is considered influenced by the edge if the area's mean third year tree height is 25% less than the mean height of trees closer to the center of the opening.
